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electroneutrality. Yttrium-doped barium cerate, BaCe (1-x) Y x O 3-d (BCY), has long been recognized as one of the best ceramic proton conductors. Iwahara carried out the first systematic evaluation of the ionic conduction properties of barium cerate in 1988 (Iwahara, et al., 1988) . It is straightforward to fabricate this ceramic material by traditional solid-state reaction, and for this reason, it has been one of the most extensively studied of all the ceramic proton conductors. Nonetheless, concerns have persisted about the chemical stability in moist carbon dioxide, which corrodes the ceramic to form barium carbonate and hydroxide. Since many applications for ceramic proton conductors involve operation in hot, moist CO and CO 2 atmosphere, interest in BCY as a practical material has waned. Yttrium-doped barium zirconate, BaZr (1-x) Y x O 3-d (BZY) has also been recognized as a good ceramic proton conductor for many years, but without the same concerns about chemical stability in moist CO 2 as with BCY. Kreuer reported transport properties of BZY for the first time using single crystals and sintered ceramics (Kreuer, 1999) . Schober and Bohn were also able to prepare dense ceramic specimens (Schober & Bohn, 2000) , although as was the case with Kreuer, a sintering temperature above 1700 ºC for 30 hours was required. Difficulty in producing dense polycrystalline specimens has hindered the development of this material. The traditional processing routes of synthesizing fine powders by solid-state reaction or spray pyrolysis produce powders that are difficult to sinter below 1700 ºC, even when hotpressed. The reason that the material is so difficult to sinter is not yet fully understood, but firing at such high temperatures tends to volatilize barium, leaving the material A-site deficient, and the resulting ceramic exhibits poor proton conductivity. Magrez and Schober successfully synthesized dense BZY at 1500 ºC by a polyacrilamide gel method (Magrez & Schober, 2004) , but the method has apparently never been fully optimized. Münch published a comparative analysis of BCY and BZY by quantum molecular dynamics simulation (Münch, et al., 2000) , which suggested that BZY should be, in principle, a very good proton conductor. However, high impedance to proton transport across grain boundaries in polycrystalline specimens is thought to be the main reason that measured ionic conductivity is much lower than predicted. More recently, many interesting methods have been proposed for synthesizing polycrystalline BZY. Perhaps one of the most ingenious involves converting a thin layer of 8 mol% yttria-stabilized zirconia (8YSZ) into BZY by reacting with BaCO 3 in situ (Schober, 2005) . Nonetheless, to our knowledge, the high grain boundary impedance problem has never been solved using traditional synthesis, dampening commercial interest in pure BZY as a proton conductor. A comprehensive review of the progress on these materials prior to 2003 has been provided by Kreuer (Kreuer, 2003) . A critical breakthrough in producing BZY was first reported by Babilo and Haile, who found that dense BZY ceramics could be prepared at a sintering temperature of only 1300 ºC for four hours when transition metal oxides, ZnO, CuO or NiO, were added up to 4 mol% (Babilo & Haile, 2005) . Without the addition, BZY remained substantially porous. Independently, Tao and Irvine demonstrated the same discovery of ZnO as an effective sintering additive for preparing BZY (Tao & Irvine, 2006 , 2007 . The effect has subsequently been reported by several investigators (Tong, et al., 2010a (Tong, et al., , 2010b Wang, et al., 2009; Xu, et al., 2010) . Enhanced sinterability of BZY with 1 wt% NiO has been demonstrated in our lab (Coors, 2008) . The exact mechanism responsible for the dramatic improvement in sinterability remains controversial, but the result has been widely confirmed. Transition metal oxides have also been used as sintering aids with BCY to lower the sintering temperature and to investigate the effect of these additions on conductivity. Shimura used Mn, Co and Fe -finding cobalt to be the most effective (Shimura, et al., 2005) . Costa reported that 4 mol% NiO lowered the sintering temperature of BCY by 200 ºC (Costa, et al., 2009 ). Tong used 2 mol% NiO to fabricate BCY20 (Tong, et al. 2010c ), and we also confirmed this effect with NiO in our lab . In all cases, no significant difference in conductivity of BCY has been observed, with or without these sintering aids, so it has generally been concluded that small additions of 2 + transition metal oxides has negligible impact on the transport properties and structure, other than to enhance sintering and increase average grain size. In the case of BZY20, Tong and O'Hayre reported high conductivities in moist argon (Tong, et al., 2010a (Tong, et al., , 2010b . A clear path forward to producing these protonic ceramic materials now seems possible. In the meantime, a parallel path in the development of ceramic proton conductors was being pursued. The idea of solid solutions of BCY and BZY was initially proposed by Wienströer & Wiemhöfer stating that, "A solid proton conductor that combines the higher chemical stability of the zirconates and the high conductivity of the cerates could solve these problems" (Wienströer & Wiemhöfer, 1997) . Since barium cerate and barium zirconate are nearly isomorphic, it was expected that they would be end members of a binary solid solution where B-sites are randomly occupied by either Zr +4 or Ce +4 . This idea was demonstrated for BaCe 0.9-x Zr x Nd 0.1 O 2.95 for 0.1≤x≤0.6 by Ryu (Ryu & Haile, 1999) and subsequently for BaCe 0.9-x Zr x Gd 0.1 O 2.95 for 0<x<0.4. Katahira (Katahira, et al. 2000) , Zhong (Zhong, 2007) , Ricote (Ricote, et al., 2009a (Ricote, et al., , 2009b and Guo (Guo, et al. 2009 ) extended the investigation to yttria dopant in BaCe 0.9-x Zr x Y 0.1 O 2.95 for 0≤x≤0.9. These papers all confirmed that a stable solid solution existed, and that chemical stability could be improved without significantly diminishing the protonic conductivity. However, it still proved difficult in practice to obtain uniform mixing of the BCY and BZY phases, and high sintering temperatures were still required to prepare dense polycrystalline specimens. The solution to this problem was, naturally, to extend the use of transition metal oxide sintering additives, originally used only with the end members, BCY and BZY, to the whole range of solid solutions. This approach was first reported by Tao and more recently by Wang (Wang, et al., 2009 ). Azimova reported BCZY using CoO as a sintering aid (Azimova & McIntosh, 2009 (Ricote, et al., 2011) . The development of protonic ceramics based on BCY-BZY solid solutions with transition metal oxide sintering aids has provided new latitude in the design of functional proton conductors and has now become a significant factor in the development of practical protonic ceramics.
Nomenclature
A note on nomenclature is in order. The number of compositional variants of these materials is enormous. In order to avoid writing out the entire formula each time, abbreviations are typically used, but almost every investigator has a unique system, and there has been no consistency in the literature. Also, BaCe x Zr 0.9-x Y 0.1 O 2.95 often appears as BaCe 0.9-x Zr x Y 0.1 O 2.95 -the only difference being which B-site cation the variable applies to. Ricote and colleagues at Risø in Denmark recently proposed a simple notation that solves these problems, and will be used throughout the following text , where humid air is used, chemical stability against CO 2 below about 1% may be sufficient. But the most interesting applications for protonic ceramics that are now being considered will require stability against much higher concentrations. For example, the anode gas of a PCFC operating on methane or other hydrocarbon fuels at high fuel utilization will approach 100% CO 2 . Various electrolytic cells for producing syngas, including membrane reactors, may also b e e x p e c t e d t o h a v e h i g h C O a n d C O 2 concentrations in contact with the ceramic at moderate temperatures ranging from 500 to 800 ºC. The end member, barium cerate (BCZY90), is unstable in CO 2 , but several investigations have been carried out to determine the maximum value of the ratio of Ce/Zr (n/m) for which the ceramic is chemically stable. Tao reported ZnO-BCZY53 to be stable in pure CO 2 in this range of temperatures (Tao & Irvine, 2006) . Ryu reported that the more ceria-rich, ZnO-BCZY72 is also stable in CO 2 for the ratio of n/m ≤ 7/2 (Ryu & Haile, 1999) . However, Zhong observed a small amount of BaCO 3 formation at BCZY72, but not in BCZY54 (Zhong, 2007) . Ricote similarly found BCZY63 to be unstable, while BCZY27 was completely stable in pure CO 2 ).
Reactive sintering
It is a good idea from the outset to carefully lay down definitions for the term, reactive sintering, and the other related terms that have to do with how polycrystalline ceramic materials are actually fabricated from powders. The idea of reactive sintering is nothing new. Kingery described it in his definitive textbook on ceramics, "During the firing process…in many ceramics there may be solid-state reactions forming new phases, polymorphic transformations, [and] decompositions of crystalline compounds to form new phases …" (Kingery 1960, p.448) . Reactive sintering is an important industrial process, but it is often overlooked during the research and development phase because of the convenience of procuring high purity pre-calcined ceramic powders. Solid-state reaction: Solid state-reaction is a general term that pertains (in the context of making ceramics) to producing new solid product phases from other reactant phases below the melting point of either products or reactants. At a given temperature, the phase with the lowest Gibbs free energy will prevail, but because ion mobility in solids is often very low, even near the melting point, equilibrium may not be achieved in reasonable time scales. Solid-state reactions require intermixing of i o n s f r o m r e a c t a n t p h a s e s b y s o l i d s t a t e diffusion, therefore, solid-state reactions are enhanced by making the diffusion lengths as short as possible. This is commonly accomplished by starting with very fine, well-mixed reactant crystallites that can be obtained by attrition milling, sol-gel methods or pyrolysis of salts precipitated from solution. Almost all specialty ceramic powders are prepared by one of these techniques. One common method for making fine, single phase BCZY powder is by solid-state reaction using carbonates and oxides. 1300 32 2 2 3 0 . 8 0 . 2 32
Traditional sintering: The traditional approach to fabricating ceramic perovskites is to begin by preparing phase pure powders of the correct stoichiometry by solid-state reaction (such as Eq.1), milling the resulting powder, called calcine, and then compacting the powder into green bodies for subsequent ceramic sintering at high temperatures. Solid-State Reactive Sintering: For solid-state reactive sintering, SSRS, the discrete steps of solid-state reaction and traditional powder sintering are combined into a single processing step. The precursor powders are mixed with binders and compacted into a green body. This is only possible when the kinetics of solid state reaction are fast enough so that reactionproduct crystallites form prior to, or simultaneously with, sintering. This fabrication method has been described by Babilo and Haile, where certain transition metal oxides, such as NiO, ZnO, and CuO, were included in the formulation (Babilo & Haile, 2005) , and Tao with ZnO (Tao & Irvine, 2006) . The transition metal oxides promote the formation of the equilibrium phase while simultaneously enhancing densification by sintering.
Sintering additives: The metal oxide is more than just a "sintering aid". A traditional sintering aid promotes transport at the surface along grain boundaries, assisting densification, without substantially interacting with the bulk phases. In reactive sintering, the metal oxide ions are believed to play a crucial role in ion exchange and diffusion within the grains as well as at grain boundaries. Often a eutectic liquid phase forms between the transition metal oxide and the alkali metal, dissolving the other oxides, from which the desired perovskite phase is produced. In this sense, transition metal oxides are used as reactive sintering additives. The solubility limit of NiO in the host BCZY is about 1 wt%. Any additional NiO shows up as a distinct second phase. There is some controversy surrounding where the dissolved nickel ions end up after sintering -whether they go into interstitial sites or substitute for B-or even A-sites, or remain at grain boundaries as an amorphous second phase. These questions may have considerable bearing on the electronic properties, but as a practical matter, it is nearly impossible to draw any concrete conclusions about nickel in the structure at such low concentrations. In a recent development, Yamazaki reported that dense BZY ceramics could be prepared at moderate sintering temperature by SSRS without any sintering additives at all (Yamazaki, et al., 2009) . That is, the solid-state reaction and sintering steps were carried out simultaneously, but apparently without the need for sintering additives (beyond the trace impurities in the starting materials). This raises new questions about what role played by transition metal oxides in the sintering process, possibly opening up a whole new direction in practical protonic ceramic fabrication. In our lab, we have found that when a slurry of precursor oxides and carbonates is applied to the surface of a NiO-BCZY composite substrate, a thin film membrane of dense BCZY electrolyte forms during co-sintering, even when no NiO is added to the slurry. During sintering, some NiO diffuses from the substrate into the membrane up to the solubility limit of about 1 mol%, but whether or not this NiO is actually necessary for densification of the membrane is not known at this time. A polished section of a supported membrane produced this way is shown in Figure 1 . The light areas are BCZY26 phase and the grey areas are NiO grains. (The dark region on the left is potting compound.) A dip coated and co-fired BCZY26 electrolyte membrane, about 15 m thick, and typical of the membranes required for various practical devices, is shown. It is apparent from the image that both phases are independently contiguous except through the membrane region, which shows no evidence of penetration by NiO. It is also apparent in the image that the sintered specimen is almost fully dense. The residual spherical pores visible within the NiO grains are typical of liquid phases formed during sintering. No porosity is visible in the BCZY26 phase or at BCZY26/NiO grain boundaries. powder formulation given in Table 1 for BCZY26, as an example. The precursor powders were blended with water soluble acrylic and cellulosic ether plasticizers. The tubes were extruded on a 40-ton Loomis extruder. The spindle diameter was 7.14 mm and die diameter was 9.91mm. The extruded tubes were dried for a week in controlled humidity on plaster Vgroove setters. The dried tubes were hang-fired on zirconia pins extending through one end. The length of the green tubes was 46 cm. The tubes were sintered at 1500 ºC for 4 hours in air at a heating rate is 50 ºC/hr up to 450 ºC and 100 ºC/hr up to 1500 ºC. All specimens were greater than 98% dense as determined by Archimedes method. The stoichiometry of the sintered BCZY26 tubes was confirmed by X-ray Fluorescence using fused samples and standards in lithium tetraborate glass on a PANalytical MagiX Model 2440, sequential 3.0 kW XRF. The results are given in Table 2 , which shows weight percent based on oxides and calculated mol%. A significant fraction of strontia was found to coexist with baria. Also, some alumina and a trace of iron oxide were detected. Table 2 . XRF analysis of 1NiBCZY26 based on formula wt. = 284.263 g/mol XRD was performed using an X'Pert XRD diffractometer from 10 to 90 degrees with 0.02 degree increments. SEM analysis was performed on a JOEL JSM-6390 and field emission FESEM was performed on a JEOL JSM-7000F with an energy dispersive spectroscopy detector (EDS) from EDAX. Imaging was conducted using a 2 kV electron beam and EDS was obtained using a 5 kW electron beam. Bright field TEM was performed on FIB-prepared specimens. Magnetic characterization measurements on a reduced specimen was performed on a Quantum Design PPMS equipped with the VSM and oven options. The relative amounts of metallic nickel and residual nickel ions were measured at 2K against a pure nickel wire scaled to the same 1 wt% NiBCZY26 specimen.
Ceramic fabrication method

Phase and microstructure
XRD
The XRD patterns for dense ceramic specimens of BCZY prepared by reactive sintering with 1 wt% NiO addition are shown in Figure 2 . The four specimens span the entire composition range from pure BZY (BCZY08) to BCY (BCZY80). The major perovskite peaks are shown indexed to the cubic system of BaZrO 3 (74-1299). BaCeO 3 (83-0532) is orthorhombic, so the index is pseudocubic in this case (45º rotation with respect to the cubic lattice parameter
). The dominant feature of the XRD patterns is the uniform decrease in lattice parameter in going from BCZY80 to BCZY08. 
BaY2NiO5 (41-0463) Fig. 2 . XRD patterns for 1wt% NiO-reactive sintered BCZY80, BCZY44, BCZY26 and BCZY08 dense ceramics. The major perovskite peaks are shown indexed to the cubic system.
It may be observed that in each set, the major peak in BCZY80 shifts to the corresponding peak in BCZY08 as the Ce/Zr ratio decreases. It may also be seen that the BCZY08 peaks are shifted to the left from the undoped BaZrO 3 , which is characteristic of the decrease in lattice parameter when Y 3+ ions substitutes for the larger Zr +4 ions on B-sites. The peaks that did not shift were identified as a second phase, BaY 2 NiO 5 (41-0463), believed to reside primarily within pores, and possibly also at grain boundaries ). The pattern for NiO (78-0643) is also included. All of the NiO peaks coincide with BaZrO 3 peaks, however, an expanded high index portion of the patterns between 76º and 80º is shown in Figure 3 , which indicates the location of the (222) 
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there is no evidence for the existence of NiO as a second phase, which would be clearly seen even at the 1 wt% concentration. The highest intensity peaks for the compounds NiBaO 2 and NiBaO 3 are at 26.26º and 26.06º respectively, and neither is visible in any of the patterns. The conclusion is that most of the original NiO has been incorporated into BaY 2 NiO 5 . However, the existence of this phase requires excess zirconia and ceria, but no peaks of either of these phases were detected. It is also seen in Figure 3 that the peaks are evenly spaced across the whole range of the solid solution for the 20 Mol% Y series. This effect is even more striking in Figure 4 for the 10 mol%Y BCZY series where the highest-index (123) peaks are shown. The shoulders slightly to the right of the central peaks are due to Cu K- radiation. The pseudocubic lattice parameters are given in Table 3 along with the other bulk properties derived from the lattice constant. The end members of the solid solution, BaZrO 3 and BaCeO 3 are listed first, followed by the set of 20 mol% and then 10 mol% Y BCZY specimens. Table 3 . Pseudocubic lattice parameters for 1wt% NiO-reactive sintered BCZY. The major perovskite peaks are indexed to the cubic system. Theoretical density, formula molecular weight and molar volume are based on the lattice parameters derived from fitting XRD data.
Ceramic
The XRD peaks in Figures 3 and 4 clearly show that a complete BCZY solid solution has been achieved by reactive sintering. No mixed phases are present, and all the data is well indexed to the cubic system. The lattice parameters from Table 3 have been plotted in Figure  5 versus the ratio of B-sites occupied by cerium to the occupation by either cerium or zirconium. It may be observed that a linear relationship exists from which the unit cell volume may be estimated,
where a is in Å, and the pseudocubic unit cell volume, 3 c Va  . The lattice parameters for undoped BaCeO 3 (83-0532) and BaZrO 3 (74-1299) are 4.4073Å and 4.1816Å, respectively. The corresponding extrapolations using our linear fit are 4.398Å and 4.204Å. The regression underestimates the lattice constant for BaCeO 3 while over estimating it for BaZrO 3 , but the discrepancy is less than 1%, suggesting that the change in lattice parameter resulting from substitution of 10-20 mol% yttrium on B-sites is relatively small compared with the www.intechopen.com difference resulting from zirconium and cerium, alone. Also plotted are several published values from the literature. The striking feature is that all barium cerate-zirconate solid solutions exhibit almost the same linear behavior, independent of dopant type, dopant concentration or sintering additive used. The slopes are about the same in all cases, and only BCZNd (Ryu & Haile, 1999 ) exhibits a slightly smaller overall lattice constant than all the specimens doped with gadolinium or yttrium. Fig. 5 . Pseudocubic lattice parameters vs. the ratio of occupied B-sites Ce +4 /(Ce +4 +Zr +4 ). The slopes are invariant to dopant, dopant concentration or MOx sintering additive.
As-fired NiRS-BCZY26 microstructure
For the further study, the compositions n/m = 1/3 (BCZY26) and 2/7 (BCZY27) were selected. These specimens were prepared from extruded tubes 6mm OD x 4.5mm ID. A SEM image of an as-fired NiRS-BCZY26 polished and thermally etched at 1425 ºC for 35 minutes is shown if Figure 6 . The ceramic is well-sintered with average grain size of 2 to 5 microns. Figure 7 shows a micrograph of an attempt to reactive sinter BCZY without NiO addition. The precursor powders have barely reacted at all and practically no sintering has taken place. This underscores the dramatic effect brought about by a small addition of NiO. A specimen prepared by focused ion beam (FIB) etching and removal from a bulk ceramic is shown in bright field TEM in Figure 8 . It is clear by the 120º dihedral angles at triple points and absence of pores that sintering is complete. The investigation concluded that most of the grain boundaries were clean, but evidence of some amorphous grain boundaries was observed. A high resolution TEM is shown in Figure 9 showing a clean grain boundary intersecting with two amorphous ones at a triple point. This is obviously a significant finding, since high grain boundary impedance has long been suspected as the reason why the proton conductivity of doped barium zirconate is lower than expected. If a continuous network of amorphous grain boundaries were to form during sintering, these could well be blocking to proton transport on a macroscopic scale. The nature and extent of these amorphous grain boundaries is currently receiving a great deal of attention. 
Solid state reactive sintering
Pure barium zirconate BaZrO 3 and barium cerate BaCeO 3 powders are relatively easy to fabricate by solid state reaction, but the incorporation of the large, aliovalent yttrium ions into the lattice is necessary in order to create the oxygen vacancies required for ion transport. In earlier experiments at CoorsTek in Golden, attempts to synthesize phase-pure BZY10 (10 mol% yttria-doped barium zirconate (BaZr 0.9 Y 0.1 O 3-d )) by solid-state reaction of ZrO 2 , Y 2 O 3 and BaCO 3 powders were not successful at temperatures as low as 1550 ºC. Only recently was it discovered that very phase-pure BZY10 (BCZY09) calcine powder could be produced with the addition of a small amount of NiO. This was suggested by the analogy to the experience gained in fabricating NiO reactive sintered yttria stabilized zirconia (NiYRSZ) (Swartzlander & Coors, 2009 ). However, when binders were added and the precalcined powder was compacted and sintered at 1550 ºC, the resulting ceramic specimens were porous, with a fired density of only 60-70%. Subsequent experiments demonstrated that dense BZY10 could be fabricated by eliminating the traditional calcining step altogether. By mixing and compacting just the precursor powders of zirconia, yttria, barium carbonate, and a small amount of NiO, dense, phase-pure BZY10 could be fabricated with relative ease at only 1550 ºC. This has become the process we refer to as NiO reactive sintered BCZY. A variant process was attempted to make BZY10 from pre-calcined 10 mol% yttria-stabilized zirconia (Tosoh 10YS), barium carbonate plus some NiO, but this led to sintering difficulties and considerable residual YSZ phase in the resulting ceramic. Apparently it is necessary to simultaneously create the cubic barium zirconate phase, incorporate the yttria dopant, and obtain the well-sintered grain boundaries during sintering in order to fabricate this ceramic. Ironically, this simple process uses very inexpensive raw materials, costing no more than about $5-10 per kilogram, and readily accessible air-fire sintering temperatures, making the commercialization of this important material very straightforward. Clearly, reactive sintering involves several complicated steps. We hypothesize the following: Upon decomposition of BaCO 3 , the reaction of BaO and NiO, beginning about 1100 ºC, produces a liquid phase that enhances the transport along grain boundaries of all the cations involved in the solid state reactions. As temperature increases, BaCe x Zr (1-x) O 3 begins to form, making the BaO-NiO melt increasingly nickel oxide rich and raising the melting temperature. Initially, BaCe x Zr (1-x) O 3 has only a small concentration of intrinsic oxygen vacancies. Incorporation of some percentage of aliovalent dopants on B-sites lowers the Gibbs free energy, but without oxygen vacancies, diffusion by relatively large acceptor dopant ions like yttrium is difficult. In the case of BCZY, the yttrium ions must substitute on B-sites in the perovskite lattice by first diffusing into the zirconia or ceria grains. Since small cations, such as Ni 2+ (0.69Å), are much more facile than Y 3+ (0.92Å), the defect reaction initially takes place with the smaller, Ni 2+ dopant ions, which can easily diffuse into the grain by substituting on B-sites. However, diffusion of Ni 2+ into the grain requires extra charge compensation by creating oxygen vacancies on the anion sublattice (although more complex defect reactions involving electron holes are certainly possible). As the concentration of oxygen vacancies increases, diffusion of the larger Y 3+ ion is facilitated by the vacancy transport mechanism. The nickel ions are too small to stabilize the perovskite structure by occupying the space of a B-site Ce 4+ (0.94Å) or Zr 4+ (0.79Å) and the requirement for charge compensation too great. The perovskite structure is more stable with the closer matched yttrium than nickel on B-sites, so nickel ions will ultimately be displaced by yttrium above a certain threshold concentration. This ion exchange mechanism occurs simultaneously throughout the entire body matrix promoting phase equilibria within grains and at grain boundaries during sintering. Ultimately, as the equilibrium BCZY phase forms, the nickel ions are exsolved and precipitated once again at grain boundaries as NiO or BaY 2 NiO 5 . The reason that reactive sintering does not work with pre-calcined YSZ powder is because it is already a stable phase that has no tendency to convert from the flourite phase to the perovskite phase at the low reactive sintering temperature, and nickel ions have no role to play in the required solid state ion exchange reactions. Similarly, precalcined BCZY powder does not densify even when NiO is added, which demonstrates that reactive sintering involves much more than just conventional liquid phase sintering. The kinetics of www.intechopen.com reactive sintering involves the coordination of liquid phase sintering for grain boundary formation and ion exchange for bulk BCZY phase formation.
Microstructure after reduction
Conductivity testing of BCZY requires extended operation in moist and dry hydrogen at elevated temperatures. Post-reduction microstructure analysis was conducted to determine if the residual NiO causes any deleterious effects. Figure 10 shows a FESEM fracture surface of BCZY26 after multiple temperature cycles between 200 and 1000 ºC in moist and dry 5% H 2 /bal Argon. It may be observed in the image that nearly all of the fracture has occurred at grain boundaries, unlike the as-fired ceramic that exhibited mostly transgranular fracture. This suggests a weakening of the structure at grain boundaries due to a combination of reducing atmosphere and strain from temperature excursions. Also visible in the micrograph is a network of microcracks. The ceramic specimens typically failed catastrophically upon decreasing temperature in moist hydrogen or argon at some point below about 400 ºC. In dry atmosphere, no fracture was observed. We believe the fracture is due to the strain induced by water of hydration at elevated temperatures that remains "frozen-in" at low temperatures from stoichiometric expansion. We have demonstrated with BCY and BZY that lattice hydration causes a measureable length dilation that has actually been used in TCE measurements to determine the extent of hydration (Coors & Swartzlander, 2005) . Apparently, in the case of reactive sintered BCZY, the stress exceeds the strength of the material. This obviously is a matter of concern that will require careful management of operating parameters. Recently, preliminary investigations have indicated that much stronger and durable ceramic results when BaSO 4 is substituted for BaCO 3 . In this case the sintering temperature is higher (~1600 ºC) because of the higher decomposition temperature of the sulfate, but distinctly improved grain boundaries are obtained. Also, reduction of the yttrium dopant concentration from 20 to 10 mol% seems to improve the mechanical properties without 
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Advances in Ceramics -Synthesis and Characterization, Processing and Specific Applications 494 much sacrifice in conductivity, even though the oxygen vacancy concentration is one half as much. The formulation that seems to provide the best compromise of chemical stability, mechanical strength and proton conductivity is 1NiBCZY27. Figure 11 is an enlarged view of a residual pore in 1NiBCZY26 after reduction. In this case, the surfaces of the grains are as-fired. The fracture is clearly visible along some grain boundaries. The most interesting feature of the micrograph is the presence of nanoprecipitates occurring predominantly along grain boundaries. Figure 12 is an EDS scan of one of these compared to the bulk grain. The precipitates were found to be mostly nickel. The specimen was subsequently analyzed for magnetic properties to determine the nature of the nickel precipitates using a Quantum Design PPMS. Figure 13 (top) shows the magnetic moment versus temperature. The sharp drop at 620K, the Currie temperature for bulk nickel, is the signature for metallic nickel. In Figure 13 (bottom), the magnetic moment versus field strength, H, is shown. The black curve is for a piece of nickel wire calibrated to the same nickel mass as in the 1NiBCZY26 specimen. The red curve is for the fully reduced BCZY26 specimen. It may be seen that the magnetic saturation is characteristic of ferromagnetic bulk metallic nickel. Also, the shallow slope of the magnetization curve at low field is characteristic of small, isolated nickel particles, which is consistent with the small precipitates in Figure 11 . Even at 1000 Gauss, the magnetization has reached less than half its saturation value, in sharp contrast to the curve for the bulk nickel wire, which was almost fully saturated at this same field. It was possible to determine quantitatively from the saturated magnetization at 5000 Gauss that the wt% of metallic nickel in the specimen was 0.854%. A subsequent measurement using a QD-SQUID gave a value of 0.882%. The actual value for the 1NiBCZY26 specimen determined by X-ray Fluorescence was 0.825%. Within experimental error, virtually 100% of the original NiO has been reduced to bulk Ni metal. It is possible to draw two important conclusions from this finding: 1) very little, if any, nickel was lost during sintering and subsequent elevated temperature operation, and 2) a negligible fraction of the original nickel remains in the ceramic as ions. Although it is not possible to rule out that some Ni nanoprecipitates may exist within grains, as was found to be the case with Ni-reactive sintered yttria-stabilized zirconia ). The SEM image in Figure 11 suggest that most occur at grain boundaries. In any event, the possibility of nickel residing intersticially or substitutionally on regular lattice sites as ions may be considered remote. XRD patterns were obtained on 1NiBCZY26 after reduction. The as-fired and post reduction patterns are shown in Fig. 14. There was no change in lattice parameter, and the strongest metallic nickel line (111) at 44.5º is just barely visible. The lower figure expands the region from 28º to 33º in which the four strongest peaks of the phase, BaY 2 NiO 5 (00-041-0463) occur. These peaks are clearly visible in the as-fired ceramic, but have completely disappeared in the reduced specimen. The phase was identified as a grain boundary phase left over from SSRS . With some of the barium tied up in this grain boundary phase, it is expected that the as-fired perovskite is slightly A-site deficient, but upon reduction, metallic nickel nanoprecipitates form, and the barium and yttrium are apparently dissolved back into the perovskite lattice. For most commercial applications envisioned with these protonic ceramics, reducing atmosphere is anticipated. This will certainly be the case for hydrogen separation and membrane reactors. In the case of PCFCs, the ceramic will be exposed to reducing atmosphere on one side and oxidizing on the other. For steam permeable membranes, SPMs, intermediate oxygen partial pressures may be encountered which are not low enough to reduce the barium-yttrium nickelate phase. It has yet to be determined if the reduction of this grain boundary phase is reversible or to what extent proton transport across grain boundaries may be influenced by this phenomenon. 
Conclusions
Several compositions of the solid solution BaCe x Zr 0.8-x Y 0.2 O 3-d (0≤x≤0.8) were prepared by solid state reactive sintering SSRS using 1 wt% NiO as a sintering additive. Dense, phasepure ceramics were obtained with NiO while practically no solid-state reaction or sintering took place without NiO. It was found that a complete solid solution existed over the entire composition range, and it was observed that a linear relationship existed between the pseudocubic lattice constant and the ratio of ceria to ceria plus zirconia on B-sites:
a(Å)=0.194*[Ce]/([Ce]+[Zr])+4.204).
A relatively weaker dependency of lattice constant on dopant ion was observed. XRD of as-fired ceramics exhibited BaY 2 NiO 5 as the only identifiable second phase in the, otherwise, phase-pure perovskites. Thought to be a grain boundary phase, BaY 2 NiO 3 was found to be reduced completely to metallic nickel precipitates that decorated grain boundaries after extended processing in moist and dry hydrogen at high temperatures. The mechanical strength of as-fired ceramic was excellent, while the strength of reduced material was considerably lower -a condition that warrants caution. Stoichiometric expansion due to frozen in hydration causes ceramic failure at low temperatures. However, substitution of BaSO 4 for BaCO 3 in the starting powders and reduction of yttria dopant concentration seem to hold promise as a solution to this problem. Further evaluation the grain boundary integrity is necessary as these materials are being considered for practical applications. It may be necessary to add other components to compensate for loss of strength at grain boundaries. NiO solid state reactive sintering was demonstrated to be a remarkably easy and inexpensive way to fabricate this potentially important class of protonic perovskites.
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